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The angular distribution of 12C + 12C scattering at an incident energy of 100A MeV has been measured. 
The elastic and inelastic scatterings in 12C to the excitation energies of up to ∼ 45 MeV were measured 
simultaneously for the ﬁrst time with the high-resolution Grand Raiden spectrometer at the Research 
Center for Nuclear Physics (RCNP). The angular distributions of the elastic scattering to the ground 
state (0+1 ) and inelastic scattering to the 4.44 MeV (2
+
1 ) excited state were precisely obtained in the 
angular range of 1.0◦–7.5◦ with a step of 0.1◦. Additionally, the angular distribution was obtained for 
the sum of the cross sections for excitation energies above the 4.44 MeV state up to 11 MeV, which 
includes the 7.65 MeV (0+2 ), 9.64 MeV (3
−
1 ), and 10.30 MeV (2
+
2 ) states, in addition to probably the 
simultaneous excitation of the 4.44 MeV state in the projectile and the target nuclei. Those combined 
data provide a means to study the effects of channel coupling on the elastic cross section. The observed 
angular distributions are compared with theoretical calculations based on three double-folding models 
with complex G-matrix interactions, the CEG07b, MPa, and ESC models. The importance of three-body 
repulsive forces included in the CEG07b and MPa models will be discussed.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.The role of three-body force in complex nuclear systems is 
one of the key issues not only in nuclear physics but also in 
nuclear astrophysics relevant to high-density nuclear matter in 
neutron stars and supernova explosions [1]. The binding energy 
per nucleon (16 MeV) for nuclear matter at the saturation den-
sity of ρ0 ≈ 0.17 fm−3 cannot be reproduced if only two-body 
nucleon–nucleon (NN) interactions are taken into account [1]. To 
obtain an acceptable saturation curve and incompressibility, the 
contributions of three-body force must be considered. It is well 
known that the three-body force is composed of the three-body 
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SCOAP3.attraction (TBA) and the three-body repulsion (TBR) [1]. Although 
meson-theoretical models have been proposed for TBA [2–5], mod-
els for TBR have not been established yet and treated more or 
less phenomenologically. In nuclear matter, TBR contributions in-
crease rapidly in the high-density region, and lead to high values 
of nuclear incompressibility. We focus on the effects of TBR in the 
present study.
Elastic scattering is one of the general nuclear reactions in-
duced by nucleons and composite-nucleus projectiles impinging on 
different target nuclei. This reaction has provided valuable infor-
mation about nuclear many-body dynamics. Recently, it has be-
come possible to accurately describe the elastic scattering of a 
nucleon off a nucleus for a wide range of beam energies using the 
single-folding model with effective NN interactions. For example, 
the folding model potential with complex G-matrix interactions  under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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100 MeV [6–10]. Optical potentials below 100 MeV are attractive 
and change to repulsive when the beam energy increases. This is 
a reﬂection of the hard core in the NN interactions. In heavy-ion 
scattering, a similar situation is expected from the double-folding 
model (DFM) based on the complex G-matrix interaction. However, 
a difference exists between proton elastic scattering and heavy-ion 
scattering. In proton scattering, the medium effects are given by 
the density of the target nucleus only, so that the G-matrix up to 
the normal nuclear matter density is estimated. In heavy-ion colli-
sions, however, the density of the overlapping part of a projectile 
and a target nuclei is most likely much higher than the normal 
density. Therefore, the G-matrix would be modiﬁed depending on 
the density.
Recently, Furumoto et al. developed a folding model with com-
plex G-matrix interaction, called the CEG07 [10], derived from the 
ESC04 (Extended-Soft-Core) model [11,12] with additional three-
body force composed of TBA and TBR. The CEG07 interactions 
reproduce a realistic saturation curve in the nuclear matter, and 
it has been shown to accurately reproduce proton-nucleus elas-
tic scattering [10]. In these analyses, decisive roles are played 
by contributions of TBR in the high-density region. The nucleus–
nucleus elastic scattering data are also reproduced well by DFM 
calculations [14,15]. Different types of complex G-matrix interac-
tions CEG07a, CEG07b, and CEG07c were introduced in that paper. 
The frozen-density approximation was used in the DFM calcula-
tion. In the frozen-density approximation, the local density during 
the collision is assumed to be equal to the sum of the densi-
ties of the projectile and the target nuclei. In addition, Furumoto 
et al. applied the DFM to high-energy heavy-ion scattering at 
E/A = 100–400 MeV [16] and to the evaluation of the global opti-
cal potentials of nucleus–nucleus systems, including neutron- and 
proton-rich nuclei in the energy range of up to 400A MeV. Based 
on this calculation for 12C on 12C at 100A–400A MeV, the real part 
of the heavy-ion optical potential changes from attraction to re-
pulsion around incident energies in the range of 200A–300A MeV 
depending on the three-body force. It is shown that the diffrac-
tion oscillation changes drastically with increasing incident energy. 
The angular distributions thus provide a means to distinguish the 
different contributions of three-body force. Moreover, the channel 
coupling (CC) effects given by the transitions to the excited states 
are discussed in Ref. [17] using the microscopic coupled-channel 
(MCC) calculation with the CEG07b interaction.
Recently, Yamamoto et al. developed a new G-matrix interaction 
model MPa derived from the ESC08c model [26] with an addi-
tional TBR part called the Multi-Pomeron exchange potential (MPP) 
[18,30]. In MPa model, the TBA part was included phenomeno-
logically. As with CEG07b, this model can reproduce the nuclear 
saturation properties and angular distribution of elastic scatter-
ing for 16O + 16O at 70A MeV. The main differences between 
the CEG07b and MPa models are as follows. First, the TBR part in 
the former is given by in-medium changes to the masses of vector 
mesons included in the underlying NN interaction model, whereas, 
that of the latter is modeled as a Multi-Pomeron exchange. It is 
expected that these TBR models may be discriminated in the high-
energy region of 100A–400A MeV. The second difference between 
the CEG07b and MPa models is in the TBA parts, both of which are 
represented as density-dependent two-body interactions. That of 
the former is derived from the Fujita–Miyazawa three-body force, 
which yields a tensor-type attraction. Conversely, that of the lat-
ter is given by the central attraction. When the MPa model is used 
in analysis of the 16O + 16O elastic scattering at 70A MeV, the ex-
perimental angular distribution can be reasonably well reproduced 
without adjusting the imaginary part.Fig. 1. Schematic view of the Grand Raiden magnetic spectrometer (left) and the 
focal plane detectors (right).
However, the above-mentioned studies were conducted with-
out experimental data. The present study aims to experimentally 
conﬁrm the effects of three-body force and channel coupling in 
heavy-ion collisions at high energies. We measured the elastic and 
inelastic scatterings of 12C + 12C at 100A MeV at the ﬁrst stage. 
The obtained angular distributions were compared with the theo-
retical models introduced above. Several elastic scattering datasets 
were published near a beam energy of 100A MeV [19–21], but 
most measured only elastic scattering cross sections, and thus the 
effects of CC with inelastic channels were not studied. The shape of 
the elastic-scattering angular distribution is signiﬁcantly affected 
by CC. The present paper provides the simultaneous measurements 
of elastic scattering and the important inelastic scattering. It thus 
provides the ﬁrst discussion of the three-body force with the CC 
effects.
The angular distributions of differential cross sections of elas-
tic and inelastic scatterings of 12C + 12C at an incident energy of 
100A MeV were measured. The measurements cover elastic and 
inelastic scatterings with excitation energies of up to 45 MeV. The 
experiment was performed using the high-resolution Grand Raiden 
spectrometer at the Research Center for Nuclear Physics (RCNP) cy-
clotron facility in Osaka University. A detailed description of beam 
line is given in Ref. [22]. A beam of 12C at 100A MeV was delivered 
from the RCNP ring cyclotron and transported to a natural carbon 
target placed in a scattering chamber. A 1.181 mg/cm2-thick natu-
ral carbon foil was used for the measurements of small scattering 
angles (1.0◦–6.0◦). An 11.40 mg/cm2-thick polyethylene ﬁlm was 
used as a thicker target to obtain a higher rate at larger scatter-
ing angles (4.0◦–7.5◦). We used the present values of the 12C + p 
cross sections to conﬁrm the overall precision of the measurement 
comparing with previously measured cross sections [23].
The 12C particles that scattered off the target were analyzed by 
the magnetic spectrometer. This magnetic spectrometer has excel-
lent ion-optical properties [24], and thus we were able to sepa-
rately measure the angular distribution of the inelastic scattering 
to the 4.44 MeV excited state with a high-energy beam. Fig. 1
shows the magnetic spectrometer and the focal plane detectors. 
The focal plane detectors are composed of two multi-wire drift 
chambers (VDC1 and VDC2) and three plastic scintillation detectors 
(PS1, PS2, and PS3) with thicknesses of 3, 10, and 10 mm, respec-
tively. The VDC1 and VDC2 drift chambers provide the trajectory of 
the scattered particles for the determination of the scattering an-
gles and momenta. The three plastic scintillation detectors give the 
energy loss signals of the scattered particles and the time-of-ﬂight, 
thus providing a means of identifying 12C. The angular acceptance 
of the scattered 12C was limited to ±20 mrad horizontally and 
±6 mrad vertically by the collimator placed at the entrance of the 
magnetic spectrometer.
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energy, respectively.The measured angular range in the laboratory frame was 
1.0◦–7.5◦ . The scattering angle range was covered by setting the 
central angles of the magnetic spectrometer to 2.0◦ , 2.5◦ , 3.5◦ , 
5.0◦ , and 6.5◦ . A scattering angle of ±1◦ was covered by one cen-
tral angle setting, providing enough overlap of the angles in the 
different settings. The intensity of the incident 12C was measured 
by Faraday cups. The beam current was monitored using a cur-
rent integrator connected directly to the Faraday cup. In most of 
the angular settings, the incident 12C beam was stopped at Q1FC 
Faraday cup placed just behind the Q1 magnet. At the central an-
gle of 6.5◦ , a Faraday cup placed in the scattering chamber was 
used.
The scattered 12C particles were clearly identiﬁed. Then accord-
ing to the central momentum setting of the magnetic spectrometer 
and the transfer matrix of the magnetic spectrometer, the momen-
tum, and the scattering angle were determined particle by particle. 
The results were used to determine the excitation energy for each 
event. Fig. 2 shows an example of the scatter plot between excita-
tion energy (Ex) and the scattering angle (θlab) for a spectrometer 
setting angle of 2.0◦ . Three clear straight bands corresponding to 
the transition to the ground and excited states are observed. The 
curved band seen in the ﬁgure comes from the 12C + p elastic 
scattering from hydrogen contaminant in the target. The contribu-
tions from 12C + p were subtracted before the determination of 
the C + C differential cross section.
The angular distribution of 12C + p was obtained from the data 
with a polyethylene target at large angles and then extrapolated to 
the small angles using the known angular distributions [23]. The 
intersections of the band of 12C + p events and the band of 12C +
12C events provide an independent calibration of the scattering an-
gles. The scattering angles determined from the spectrometer and 
this method were conﬁrmed to be in good agreement.
The excitation energy spectra were analyzed with an angular 
step of 0.1◦ . An excitation energy spectrum at a scattering angle 
of 1.5◦ is shown in Fig. 3. The peak at around an excitation en-
ergy of 0 MeV is the peak from the elastic scattering. The shape 
of the peak is not symmetric, due to the asymmetric broaden-
ing of the incident beam energy. Therefore, we used this shape 
as the line shape of the spectra for discrete states. The next peak 
to the right is the result of inelastic scattering to the 4.44 MeV 
state, the ﬁrst excited state of the target 12C. The shoulder on the 
right side of this peak is due to the events of projectile excitation. 
Because of the event of γ -decay in ﬂight of projectile excitation, Fig. 3. (Color online.) Fitting result of the excitation energy spectrum at a scattering 
angle of 1.5◦ . The points and the dot line represent the experimental data and the 
sum of ﬁtting results, respectively. The numbers 1 to 3 indicate the peak positions 
for the 7.65, 9.64, and 10.30 MeV states, respectively.
the spectrum is modiﬁed and has a wide distribution. The spec-
trum shape was calculated assuming the isotropic γ -decay of the 
projectile excitation. The spectrum shape folded by the line shape 
was used to ﬁt the data. The wide and the narrow peaks were al-
ways found to have same strength. Up to this excitation energy 
region, the peaks in the spectrum are clearly separated, and thus 
the ﬁtting errors are small. Additionally, the ﬁtted values and di-
rect counts of the spectra were compared. For the elastic scattering 
the peak is clearly separated and the direct counting and ﬁtted 
counts were the same within statistical error. For strength of the 
4.44 MeV transition, counts were added from low energy dip to 
the dip above the peak in the spectrum and compared with the 
ﬁtted counts in the region. They also were consistent with each 
other.
The spectrum above 6 MeV includes the contributions from the 
7.65, 9.64, and 10.30 MeV states in addition to the simultaneous 
excitation. Therefore, it is diﬃcult to separately obtain the angu-
lar distributions of the inelastic scatterings of these states. The 
contribution of the simultaneous (target and projectile) excitations 
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(Target) + 4.44 (Projectile) MeV due to the γ -decay of the projec-
tile excitation. Unfortunately, this peak is located in the middle of 
other higher excited states and thus cannot be isolated. The rel-
ative amplitudes of the single excitation of the 4.44 MeV state 
and the simultaneous excitation were estimated using a CC code 
ECIS [27], a global potential [13], and known transition probability 
B(E2) [28]. The ratio of the simultaneous excitation to the single 
excitation changes for different scattering angles but never exceeds 
20% of the single excitation for all measured angles. Therefore, we 
added an uncertainty of 20% to the angular distribution of the 
4.44 MeV state. The uncertainty of the ﬁtting procedure may in-
troduce an order of magnitude of uncertainty for individual cross 
sections. Because of this, we calculated the angular distribution of 
the inelastic scattering including all of the above mentioned states. 
The contributions of the higher excited and continuum states were 
subtracted under several shape assumptions. The uncertainty ob-
served in the different shape assumptions was considered to be the 
error of the cross sections. The estimated uncertainties of the back-
ground change for different assumptions and for different scatter-
ing angles. However they were always less than 10% of the cross 
sections. Those uncertainties are relatively small and thus were not 
presented in the ﬁgures.
The experimental angular distributions were analyzed by the 
MCC calculations. The complex potential in the MCC calculations 
for many composite projectiles was constructed by the DFM pro-
cedure based on the complex G-matrix NN interactions of the 
CEG07b, MPa and ESC models. Here, the ESC model is derived from 
the ESC08c model without three-body force. The detailed theoreti-
cal framework of the MCC calculations with the complex G-matrix 
interactions is described in Ref. [17].
For the MCC calculations, we used the transition densities ob-
tained by the 3α resonating-group method (RGM) calculations in 
Ref. [25], which reproduce the electron-scattering form factors of 
12C. The present MCC calculations include the G.S. (0+1 ), 7.65 MeV 
(0+2 ), 14.04 MeV (0
+
3 ), 14.88 MeV (0
+
4 ), 4.44 MeV (2
+
1 ), 10.3 MeV 
(2+2 ), 13.25 MeV (2
+
3 ), 16.54 MeV (2
+
4 ), and 9.64 MeV (3
−
1 ) states 
of the 12C nucleus. Here, it should be noted that the states above 
11 MeV are considered to be continuum states. In the present MCC 
calculations, the single and simultaneous excitations of 12C to the 
above-mentioned states were taken into account. This full combi-
nation of the excited states of the projectile and target nuclei is 
called the full-CC calculation. The calculation without the CC ef-
fects is called the 1-ch calculation.
Generally, the optical potential of nucleus–nucleus systems is 
divided into real and imaginary parts. The imaginary part rep-
resents all ﬂuxes escaping the elastic scattering channel through 
all possible open reaction channels. It is diﬃcult to completely 
simulate these ﬂux losses with the imaginary part of the fold-
ing model potential based on the complex G-matrix interaction. 
To compensate for this, the renormalization factor Nw was intro-
duced phenomenologically for the imaginary part of the folding 
model potential. The selection of Nw has been studied carefully in 
the previous works [14]. It was found that Nw is reasonably de-
termined by ﬁtting the reaction cross section. The normalization 
factor Nw of the imaginary part is chosen to be 0.6 to reproduce 
the experimental reaction cross section σR for the 12C + 12C sys-
tem at 100A MeV [29] by MCC calculations. The calculated values 
of the reaction cross sections and the σR data for 12C + 12C are 
given in Table 1. The values from the MCC calculations with differ-
ent models give almost the same cross section values. However, for 
the 1-ch calculation, there are larger differences between the cal-
culated values and experimental data. Then, the value of Nw = 0.6
is used for all of the following calculations. The saturation curves Table 1
Values of reaction cross sections calculated using different models with Nw = 0.6
to reproduce the experimental data of the reaction cross section of around 962 ±
10 mb at an incident energy of 98.8A MeV given by Takechi [29]. All the units in 
this table are mb.
ESC CEG07b MPa
1-ch 920 934 928
full-CC 973 974 974
Fig. 4. (Color online.) The saturation curves obtained through three interaction mod-
els. The black solid line represents the calculated saturation curve based on the ESC 
model. The red dashed line denotes the result based on the CEG07b model. The 
blue dot dashed line stands for the result through the MPa model. The box shows 
the empirical value.
Fig. 5. (Color online.) The 1-ch calculation results of the elastic scattering angular 
distribution for 12C + 12C scattering at 100A MeV with Nw = 0.6 on the basis of 
the ESC (solid line), CEG07b (dash line), and MPa (dot dash line) interaction models 
in the center-of-mass frame.
obtained through three interaction models with ﬁxed Nw factor 
are shown in Fig. 4.
First, we investigated the effects of the three-body force in 
the 1-ch calculations. The results for the elastic cross sections for 
100A MeV 12C + 12C with Nw = 0.6 are shown in Fig. 5. The solid, 
dash, and dot dash lines represent the results of the ESC, CEG07b, 
and MPa models, respectively. The open circles denote the data 
from the present experiment. The ﬁrst oscillation is better repro-
duced by the CEG07b interaction model than the other models. 
The CEG07b interaction model also better reproduces the distance 
between every oscillations. The ESC interaction model, which does 
not include the three-body force was unable to reproduce the ex-
perimental angular distribution across the entire range. The effects 
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ESC model (without three-body force) for 12C + 12C scattering at 100A MeV with 
Nw = 0.6 with full CC. Open squares and open circles represent the experimental 
angular distributions of ground state (G.S.) and ﬁrst excited state (2+1 ), respec-
tively. While the open rhombuses stand for the sum of the 7.65 MeV (0+2 ) state, 
the 9.64 MeV (3−1 ) state and the simultaneous excitation of both the projectile and 
target nuclei. Sum1 represents the sum of those calculated for the 7.65 MeV (0+2 ) 
state, the 9.64 MeV (3−1 ) state and the simultaneous excitation when the total an-
gular momentum J = 0.
of the inclusion of three-body force are clearly visible in the large 
deviation of the ESC results from those of CEG07b and MPa mod-
els in the elastic cross section; the inclusion of three-body force 
yields better results as shown in Fig. 5.
Next, we studied the CC effects on the present heavy-ion scat-
tering. The full-CC calculations of the ESC interaction model are 
shown in Fig. 6. The CC effects with the ESC interaction model are 
clearly seen in the elastic differential cross section. The ﬁrst os-
cillation of the elastic cross section was reproduced well and is 
close to the experimental data at very small angles. However, for 
larger angle ranges of the elastic cross section, the calculated re-
sults overestimated the experimental values. The calculated inelas-
tic cross sections of the 4.44 MeV state were also overestimated for 
all angles. This seems to correlate with the overestimation of the 
elastic cross section. Moreover, the angles at which the differen-
tial cross section goes through a minimum were not reproduced. 
For higher excited states, the calculated and experimental values 
were in agreement, particularly at small angles. The ESC interac-
tion model failed to simultaneously and consistently reproduce the 
elastic and inelastic cross sections, even if the CC effects were in-
cluded.
The results for the full-CC calculations with the CEG07b inter-
action model are presented in Fig. 7. For the elastic cross section, 
the calculated cross sections underestimated the experimental val-
ues for angles larger than 6.0◦ , though at small angles, the cal-
culated results were close to the experimental values. The CC ef-
fects are known to decrease the elastic cross section around back-
ward angles. For the inelastic cross section of the single excitation 
of the 2+1 state, the calculated and experimental values were in 
good agreement. However, the oscillation phase was slightly dif-
ferent from the experimental angular distribution. For the higher 
excited states, the calculated values were larger than the experi-
mental values at small angles. Although the CEG07b model, which 
included three-body repulsion, reproduced the experimental data 
better than the ESC model, it failed to reproduce the relative mag-
nitudes of the elastic and inelastic cross sections over the entire 
angular range, particularly in the large angular region.
The full-CC calculation results for the MPa model are shown in 
Fig. 8. The CC effects for the MPa interaction are also clearly seen 
in the elastic differential cross sections. The MPa interaction model Fig. 7. (Color online.) Same caption as Fig. 6 but for calculation based on the CEG07b 
model.
Fig. 8. (Color online.) Same caption as Fig. 6, but for calculations based on the MPa 
model.
provided a much better description of the experimental data. In 
particular, the relative magnitudes of the elastic and inelastic cross 
sections were well reproduced, although the elastic cross sections 
at very large angles were slightly underestimated. In contrast, the 
2+1 state results show slightly larger values than the data at small 
angles. For other inelastic cross sections, the calculation results re-
produced the angular distribution well, except for the angles larger 
than 12◦ .
In summary, the elastic and inelastic angular distributions of 
12C + 12C scattering at an incident energy of 100A MeV have been 
determined using the RCNP ring cyclotron at Osaka University. The 
differential cross sections of the ground state (0+1 ); various ex-
cited states, including the 4.44 MeV (2+1 ) state; and the sum of 
the 7.65 MeV (0+2 ) state, the 9.64 MeV (3
−
1 ) state, and the si-
multaneous excitation to 4.44 MeV were precisely obtained. The 
experimental data were studied with several double-folding po-
tential models. Three different G-matrix interaction models were 
used: the ESC model based on two-body force, the CEG07b model 
with the addition of induced three-body force, and the MPa model 
with three-body repulsion modeled by MPP interactions. The imag-
inary part of the folding potential is multiplied by a common 
factor Nw for all interaction models, and its value was ﬁxed as 
Nw = 0.6 in this study to reproduce the reaction cross section. 
It was found that the elastic scattering cross sections could not 
be reproduced by the ESC model that does not include three-
body force. In addition, MCC calculations were performed with the 
6 W.W. Qu et al. / Physics Letters B 751 (2015) 1–6three interaction models. It was found that the CC signiﬁcantly 
changes the cross section and better reproduces the experimen-
tal data. Based on this ﬁnding, the ESC model which does not 
include three-body force failed to reproduce the measured cross 
sections in both the elastic and inelastic scattering channels. The 
calculations including three-body force better reproduced the ex-
perimental cross section, though they were imperfect in both the 
elastic and inelastic scatterings. Among the two models that in-
cluded three-body force, the MPa model reproduced the data more 
accurately than the CEG07b model, particularly in its consistent 
description of the relative magnitudes of the elastic and inelas-
tic cross sections measured in the present experiment. The MPa 
model exactly indicated the importance of the measurement of 
the excited state in addition to the elastic scattering. Therefore, 
the present analysis shows the important role of repulsive three-
body forces and the CC effects in high-energy heavy-ion collisions. 
This conclusion is based on the present interaction models and 
we hope that the validity of the conclusion will be examined in 
near future by experiments at higher energies as well as more 
fundamental interaction models and reaction theories. Results pre-
sented in Ref. [16] indicate that the energy dependence of the 
diffraction pattern is less sensitive to the models and thus we ex-
pect that a systematic energy-dependent data would provide much 
more model independent information on the repulsive three-body 
force.
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